We study the evolution of lattice defects in single-crystal ZnO bombarded with 60-keV 28 Si and 300-keV 197 Au ions at 77 and 300 K. To characterize ion-beam-produced structural defects, we use a combination of Rutherford backscattering/channeling ͑RBS/C͒ spectrometry, cross-sectional transmission electron microscopy ͑XTEM͒, x-ray photoelectron spectroscopy, and atomic force microscopy. Results show that ZnO exhibits strong dynamic annealing, and even high-dose bombardment with heavy ( 197 Au) ions at 77 K does not render ZnO amorphous. However, a crystalline-to-amorphous phase transition can be induced by irradiation with relatively light 28 Si ions. In this latter case, amorphization is attributed to strong chemical effects of Si atoms implanted into the ZnO lattice, resulting in the stabilization of an amorphous phase. High-dose heavy-ion bombardment also results in a strong stoichiometric imbalance ͑loss of O͒ in the near-surface region. A variation in irradiation temperature from 77 up to 300 K has a minor effect on the damage buildup behavior in ZnO bombarded with Au ions. Data analysis also shows that a variation in the density of collision cascades by increasing ion mass from 28 Si up to 197 Au has a negligible effect on the damage buildup behavior. For both light-( 28 Si) and heavy-( 197 Au) ion bombardment regimes, XTEM reveals that ion irradiation produces energetically favorable planar defects which are parallel to the basal plane of the wurtzite structure of ZnO. Interestingly, our RBS/C study also reveals the formation of a middle defect peak between the surface and bulk peaks of disorder in Au-implanted ZnO, but not in Si-bombarded samples. The formation of this middle peak, most likely to be related to complex defect agglomeration processes, is rather unexpected and, to our knowledge, has not been observed in any other material. Physical mechanisms of defect formation in ZnO under ion bombardment are discussed based on these experimental findings.
I. INTRODUCTION
Zinc oxide is a II-VI semiconductor with a roomtemperature direct band gap of ϳ3.4 eV. At 300 K and atmospheric pressure, it has the wurtzite lattice structure. Current technological applications of polycrystalline ZnO ceramics and powders are numerous, and they have been extensively reviewed elsewhere. 1, 2 In addition, over the past several decades, single-crystal ZnO has been considered as a potential candidate for a range of optoelectronic devices as well as devices for high-temperature/high-power electronics. [1] [2] [3] [4] [5] [6] Problems with the growth of high-quality single crystals and problems associated with device processing have, however, hindered the advancement of singlecrystal-ZnO-based ͑opto͒electronics.
Recent tremendous success in the growth of large-area device-quality ZnO single crystals ͑both bulk and epilayers͒ ͑Refs. 4 -7͒ has attracted considerable research effort to develop a device processing technology and to understand the properties of this material. However, at present, there are still serious challenges to overcome for processing ZnO, including electrical doping, metallization, and electrical isolation. In particular, even very early studies 1 have shown that a controllable doping ͑and, in particular, p-type doping͒ of ZnO is rather challenging due to the complex behavior of intrinsic lattice defects in this material.
Controllable selective-area electrical doping of ZnO can, in principle, be achieved by ion implantation. However, previous attempts to dope ZnO ͑in particular, with potential p-type dopants͒ by ion implantation have not been very successful. [8] [9] [10] The problem with doping by ion implantation is obviously related to dopant activation efficiency and undesirable effects of ion-beam-produced lattice defects on the electrical properties of the material. It is clear that an understanding of ion-beam-damage processes in ZnO, to be achieved via detailed studies, is highly desirable if the large potential of ion implantation as a device processing tool is to be fully exploited. Such systematic studies of ion-implanted ZnO are also obviously crucial for understanding the fundamental properties of lattice defects and impurities in this material.
Up to now, a number of studies have been reported on structural, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] optical, 9,13,24 -33 electrical, 8,17,34 -40 and magnetic 34, 35, 41 properties of single-crystal ZnO exposed to irradiation with energetic particles. It has been shown that ZnO exhibits strong dynamic annealing ͑i.e., migration and interaction of ion-beam-generated defects during ion irradiation͒ and remains crystalline even after bombardment to rather high doses of keV heavy ions. 12, 18, 19 For example, previous studies have shown that, under bombardment with 360-keV 208 Pb ions ͑which generate dense collision cascades͒ at 77 K, the ZnO lattice does not exhibit an ion-beaminduced crystalline-to-amorphous transition even for extremely high ion doses ͑up to 10 17 cm Ϫ2 ) when each lattice atom has been ballistically displaced hundreds of times. 18 This situation arises because most Frenkel pairs ͑i.e., lattice vacancies and interstitials͒, ballistically generated in ZnO by the ion beam, experience annihilation, and only a very small portion of such migrating point defects avoids annihilation to agglomerate into energetically stable defect complexes. Such extremely efficient dynamic annealing of ion-beamgenerated defects significantly complicates the damage accumulation behavior in ZnO, as will be discussed in more detail below.
It has also been shown that lattice defects produced in ZnO by high-dose bombardment with keV ions, studied by Rutherford backscattering/channeling ͑RBS/C͒ spectrometry, can largely ͑though not completely͒ be removed by thermal annealing at ϳ1275 K. 19 This is somewhat surprising since it is most often observed that extended defects are only completely removed by annealing at approximately two-thirds of the melting temperature ͑in Kelvin͒. 42 Hence, one can expect that relatively large thermal budgets ͑with temperatures տ1500 K) will be necessary to anneal irradiation-produced defects in ZnO, given its melting point of ϳ2250 K. This fact again points to an additional complexity in the behavior of ion-beam-produced defects in ZnO, not observed in many other semiconductors.
The above observations strongly suggest that systematic studies of the structural characteristics of ion-implanted ZnO are warranted. In particular, a number of technologically important ͑and, at the same time, physically interesting͒ issues of ion-beam processes in ZnO need to be studied in detail. These include ͑i͒ the damage buildup behavior, ͑ii͒ the defect microstructure, ͑iii͒ the effect of irradiation parameters ͑such as ion mass, energy, dose, implant temperature, and ionbeam flux͒, ͑iv͒ possible ion-beam-induced stoichiometric changes, and ͑v͒ chemical effects of implanted species ͑i.e., cases in which atomic species implanted into the lattice affect the damage buildup behavior and defect stability͒.
In this paper, we investigate the structural characteristics of ZnO bombarded with keV heavy ( 197 Au) and relatively light ( 28 Si) ions at room and liquid-nitrogen temperatures. Depth profiles of near-surface gross lattice disorder in the Zn sublattice are studied by RBS/C. Cross-sectional transmission-electron microscopy ͑XTEM͒ is applied to identify the structure of ion-beam-produced defects. In addition, we use x-ray photoelectron spectroscopy ͑XPS͒ to characterize the stoichiometry of implanted layers. Finally, ionirradiation-produced changes in surface morphology are studied by atomic force microscopy ͑AFM͒. Our results reveal interesting features of the ion-beam-damaging behavior of ZnO. In particular, we show that keV heavy-ion ( 197 Au) bombardment leads to significant stoichiometric disturbances in the ZnO lattice but does not induce a nonequilibrium crystalline-to-amorphous phase transformation even for the case of very large ion doses. However, such a crystalline-toamorphous phase transition can be induced in ZnO by irradiation with much lighter 28 Si ions. This can be attributed to strong chemical effects of the implanted Si atoms. Interestingly, our RBS/C study also reveals that heavy-ion bombardment of ZnO results in the formation of a middle defect peak between the surface and bulk peaks of disorder. Below, we present these experimental data and discuss physical mechanisms responsible for the observed behavior.
II. EXPERIMENT
Single-crystal bulk wurtzite ZnO samples used in this study were purchased from Cermet, Incorporated. As specified by the grower, the samples were ͑0001͒ oriented, O face polished, and had an etch pit density of After implantation, all samples were characterized ex situ at room temperature by RBS/C using an ANU 1.7 MV tandem accelerator ͑NEC, 5SDH͒ with 1.8-MeV 4 He ϩ ions incident along the ͓0001͔ direction and backscattered into detectors at 98°, 115°, and ϳ168°relative to the incidentbeam direction. An 8°glancing-angle detector geometry was used to provide enhanced depth resolution for examining near-surface damage accumulation. Scattering geometries with larger glancing angles were used to separate Au and Zn peaks in RBS/C spectra in samples implanted up to high Au doses (у5ϫ10 15 cm Ϫ2 ). All RBS/C spectra were analyzed using one of the conventional algorithms 43 for extracting depth profiles of the effective number of scattering centers. For brevity, the number of scattering centers, normalized to the atomic concentration, will be referred to below as ''relative disorder.''
To characterize the microstructure of ion-beam-produced lattice defects, selected samples were studied by XTEM in a Philips CM12 transmission-electron microscope operating at 120 kV. Specimens for XTEM were prepared by 3.5-keV Ar ϩ -ion-beam thinning using a Gatan precision ionpolishing system. The effect of ion bombardment on the surface morphology was studied by AFM under ambient conditions with a Nanoscope III scanning probe microscope.
Selected samples were also studied by XPS with a Quantum 2000 scanning XPS system with a focused monochromatic Al K␣ x-ray source ͑1486.7 eV͒ for excitation and a spherical section analyzer. An ϳ20-m diameter x-ray beam was incident normal to the sample surface, and the detector was at 45°away from the normal. To study variations in the near-surface composition, ion-beam sputter etching was performed with a 2-keV Ar ϩ -ion beam tilted ϳ45°off the surface normal. Previous studies have shown that semiconductor films can often be sputtered with up to ϳ3-keV Ar ions without artificially changing the composition. 44 Ballistic calculations presented in this paper were performed with the TRIM code 45 with a threshold displacement energy (E th ) of 57 eV for both Zn and O sublattices. Such a value of E th was chosen based on experimental data by Locker and Meese. 34, 35 The values of displacements per atom ͑DPA͒ quoted here are the concentration of ion-beamgenerated lattice vacancies normalized to the atomic concentration of ZnO.
It should be noted that, as discussed more fully elsewhere, [46] [47] [48] some thermal annealing of ion-beamproduced lattice defects may have occurred during warming the low-temperature-implanted samples up to room temperature before the subsequent RBS/C or XTEM analysis. Although we do not expect a pronounced thermal annealing of implantation disorder at 300 K due to extremely efficient dynamic annealing processes in ZnO, 48 this effect presently deserves additional experimental studies.
III. RESULTS
In this section, we present experimental data on damage processes in ZnO bombarded with heavy ( Figure 1͑a͒ shows RBS/C spectra illustrating the damage buildup in ZnO bombarded at 77 K with 300-keV Au ions. It is seen from Fig. 1͑a͒ that the depth profiles of ion-beamproduced lattice defects are apparently bimodal. Indeed, Fig.  1͑a͒ shows that, with increasing ion dose, lattice disorder in the Zn sublattice accumulates both in the crystal bulk and near the sample surface. 49 Such bimodal damage-depth profiles are not uncommon for ion-implanted semiconductors, for which disorder typically accumulates in the crystal bulk ͑where the nuclear energy-loss profile is maximum͒ and at the sample surface ͑which is often a sink for ion-beamgenerated point defects͒. 48, 50 However, several notable features of RBS/C spectra from Fig. 1͑a͒ deserve further attention. First, Fig. 1͑a͒ shows that the apparent position of the bulk defect peak, which also depends on ion dose, is at ϳ500Ϫ800 Å. This depth is closer to the projected range of 300-keV Au ions (ϳ500 Å) rather than to the maximum of the nuclear energy-loss profile of these ions (ϳ320 Å), as calculated using the TRIM code. 45 We will come back to this fact in Sec.
IV A, when discussing the mechanism of the damage buildup in ZnO. Figure 1͑a͒ also reveals a shift of the position of the bulk defect peak to lower backscattering energies with increasing ion dose ͑and, hence, the level of lattice disorder͒. Such a shift can partly be attributed to the difference in the depth scales of random and aligned spectra ͑i.e., the difference in the energy loss of the analyzing He ions for random and channeling directions͒. This effect has been discussed in more detail elsewhere. 50, 51 It should also be noted that the depth scales in the RBS/C spectra reported in the present paper have been calculated with the stopping powers of Zn and O in an amorphous matrix. Hence, such a depth scale should be more accurate for spectra with large damage levels, where error resulting from the different stopping power of channeled He ions should be small.
The ion dose dependence of the maximum relative disorder in the bulk defect peak ͓as extracted from RBS/C spectra such as those shown in Fig. 1͑a͔͒ is illustrated in Fig. 2͑a͒ for ZnO bombarded with 300-keV Au ions at 77 or 300 K. It is Note that the random spectrum in ͑a͒ is given for an ion dose of 3 ϫ10
16 cm Ϫ2 , and the near-surface random yield in ͑b͒ corresponds to ϳ2800 counts. Also note that, for clarity, only every fourth ͑a͒ or sixth ͑b͒ experimental point is displayed in the spectra. seen from Fig. 2͑a͒ that, for both room-and liquid-nitrogen temperature irradiation regimes, bulk disorder gradually increases with increasing ion dose. Interestingly, an increase in irradiation temperature from 77 to 300 K has a negligible effect on the disorder buildup in the crystal bulk for ion doses Շ10
16 cm Ϫ2 . For the case of bombardment with 300-keV Au ions at 77 K to doses above ϳ10 16 cm Ϫ2 , Fig. 2͑a͒ reveals a strong increase in the amount of relative disorder, as measured by RBS/C. However, such an increase in the level of ion-beam-produced lattice damage for very large ion doses can be attributed to ion-beam-induced material decomposition, as will be discussed in more detail below. It could also be expected that bombardment at 300 K to doses higher than those used in this study (р2ϫ10 16 cm Ϫ2 ) will result in pronounced stoichiometric imbalance, significantly affecting the RBS/C yield.
Middle defect peak
Another interesting feature of RBS/C spectra such as shown in Fig. 1͑a͒ ͑acquired with a 25°glancing-angle detector geometry͒ is an unusually broad surface peak observed for ion doses Շ5ϫ10 14 cm Ϫ2 . Moreover, the shape of RBS/C spectra from Fig. 1͑a͒ for ion doses Շ10 16 cm
Ϫ2
suggests that an additional peak exists between the surface and the bulk defect peaks, but this additional peak is not well resolved, given the limited depth resolution. To clarify this issue, we have performed a RBS/C analysis with an 8°g lancing-angle detector geometry, which gives improved depth resolution in the near-surface region. Results of such an analysis are illustrated in Fig. 1͑b͒ , showing that RBS/C spectra indeed have an additional peak between the expected surface and bulk defect peaks. Interestingly, Fig. 1͑b͒ shows that the position of this middle defect peak ͑MDP͒ changes with increasing ion dose. This effect is better illustrated in Fig. 2͑b͒ , showing that, as ion bombardment proceeds, the MDP originates at the sample surface and moves toward the bulk defect peak. For relatively large ion doses (0.5Ϫ1 ϫ10 16 cm Ϫ2 ), Fig. 2͑b͒ shows that the position of the MDP appears to be independent of ion dose and equals ϳ380 Å. It is also seen from Fig. 2͑b͒ that, for the sample temperatures studied ͑77 and 300 K͒, the behavior of the MDP is independent of irradiation temperature, within experimental error.
It is interesting that for a dose of 8ϫ10 13 cm Ϫ2 -the smallest Au dose used in the present study-RBS/C spectra for both 77-and 300-K bombardment regimes are essentially indistinguishable from spectra for virgin ͑i.e., unimplanted͒ samples. However, irradiation with Au ions at 77 or 300 K to a dose of 2ϫ10 14 cm Ϫ2 results in the formation of a MDP overlapping with the surface defect peak, as can be clearly seen from Fig. 1͑b͒ . Additional studies in the low-dose regime are desirable to identify whether there exists a critical ion dose for the formation of the MDP.
The behavior of the MDP is further illustrated in Fig. 2͑c͒ , which shows the ion dose dependence of the area of the MDP for the case of bombardment at 77 or 300 K with 300-keV Au ions. Such a defect peak area has been estimated by fitting the depth profiles of relative disorder ͑extracted from RBS/C spectra͒ with three overlapping Gaussian curves for surface, middle, and ͑normal͒ bulk defect peaks, respectively. It is seen from Fig. 2͑c͒ that, within experimental error, the area of the MDP is independent of ion dose for both room-and liquid-nitrogen temperature irradiation regimes.
It should also be noted that, in contrast to Fig. 1͑a͒ , Zn and Au peaks overlap in higher-resolution RBS/C spectra shown in Fig. 1͑b͒ . However, our detailed RBS/C analysis with different scattering geometries ͑namely, with 4°, 8°, 15°, 25°, and 78°glancing-angle detector geometries͒ shows that the middle peak is related to scattering from Zn atoms, not from a possible segregation of implanted Au atoms. The formation of this middle peak is rather unexpected and, to our knowledge, has not been observed in any other material. Indeed, typical depth profiles of ion-beamproduced lattice disorder in crystalline solids have a Gaussian shape with one maximum ͑in addition to the surface defect peak͒, reflecting the depth profile of atomic displacements ballistically generated by the ion beam. Possible physical mechanisms for the formation of such a MDP are discussed in detail in Sec. IV B.
FIG. 2.
Results of the analysis of RBS/C spectra acquired from ZnO bombarded at 77 and 300 K with 300-keV Au ions with a beam flux of ϳ3ϫ10 12 cm Ϫ2 s Ϫ1 . The ion dose dependence of the maximum relative disorder in the bulk defect peak is shown in ͑a͒. The position and area of the middle defect peak as a function of ion dose are illustrated in ͑b͒ and ͑c͒, respectively. The top scale gives the values of DPA at the depth of the maximum of the nuclear energy-loss profile of 300-keV Au ions. Figure 3 shows dark-field XTEM images of ZnO bombarded at 77 K with 300-keV Au ions to doses of 1ϫ10 15 ͓Figs. 3͑a͒ and 3͑b͔͒ and 4ϫ10 16 cm Ϫ2 ͓Figs. 3͑c͒ and 3͑d͔͒. These ͑diffraction-contrast͒ images reveal the microstructure of ion-beam-produced defects consisting of some point defect clusters ͓see Figs. 3͑a͒ and 3͑c͔͒ and coarse planar defects observed in gϭ11 00* images ͓see Figs. 3͑b͒ and 3͑d͔͒. 52 These planar defects are parallel to the basal plane of the ZnO wurtzite structure. For a dose of 1ϫ10 15 cm Ϫ2 , a band of planar defects is observed in Fig. 3͑b͒ in an ϳ550-Å-thick near-surface layer. This depth is consistent with the damage-depth profile of lattice disorder studied by RBS/C and illustrated in Fig. 1. Interestingly, Fig. 3͑d͒ reveals that, after a dose of 4ϫ10 16 cm Ϫ2 , this ϳ550-Å-thick near-surface layer shows a different contrast, while a band of planar defects is observed at larger depths of ϳ1100 Ϫ1500 Å for this ion dose. Also consistent with the RBS/C data discussed above, no amorphous phase is observed by XTEM in Fig. 3 even in a sample implanted at 77 K to a very high dose of 4ϫ10 16 cm Ϫ2 of keV heavy ions. Figure 3͑c͒ also reveals some precipitates (ϳ50 Å in size͒ in a sample bombarded to a dose of 4ϫ10 16 cm Ϫ2 . These precipitates, denoted by arrows in Fig. 3͑c͒ , presumably consist of a Znenriched material as a result of ion-beam-induced material decomposition, which will be discussed more fully below. It should be also noted that ion-beam sputtering hinders studies of possible heavy-ion-induced lattice amorphization for larger ion doses. Indeed, doses of 10
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16
Ϫ10
17 cm Ϫ2 of heavy ions are within the sputter limit for ZnO, as has also been discussed previously. 
Ion-beam-induced stoichiometric imbalance
Variations in near-surface composition have further been studied by XPS. An XPS compositional depth profile for a virgin ͑i.e., as-grown͒ ZnO sample reveals good uniformity of Zn and O concentrations in the near-surface region characterized ͑i.e, in the first ϳ1000 Å from the sample surface͒. Our data also show that bombardment at 300 K with 300-keV Au ions to a dose of 5ϫ10 14 cm Ϫ2 does not result in any detectable stoichiometric imbalance. However, Fig. 4 , showing the XPS compositional depth profiles for ZnO implanted at 300 K with 300-keV Au ions to a dose of 2 ϫ10
16 cm Ϫ2 , reveals that irradiation to a larger ion dose (2ϫ10 16 cm Ϫ2 ) leads to pronounced loss of O near the sample surface. Hence, although high-dose bombardment with keV heavy ions does not induce a nonequilibrium crystalline-to-amorphous phase transition, such irradiation results in a relatively strong stoichiometric imbalance ͑loss of O͒. We come back to this effect in Sec. IV A. 28 Si ions Figure 5 shows selected RBS/C spectra illustrating the evolution of lattice disorder in ZnO bombarded at 77 K with 60-keV Si ions. These RBS/C spectra reveal that, similar to the case of heavy-ion bombardment shown in Fig. 1 , lattice disorder accumulates both at the surface and in the crystal bulk. In addition, the maximum of the bulk defect peak in Fig. 5 for ion doses տ10 16 cm Ϫ2 is close to the projected ion range (ϳ525 Å ) rather than to the maximum of the nuclear energy-loss profile (ϳ300 Å). However, in contrast to the case of bombardment with 300-keV Au ions, no MDP is observed between surface and bulk peaks of disorder in this case of bombardment with relatively light 28 Si ions. Figure 5 also shows that, for a dose of 5ϫ10 16 cm Ϫ2 , a buried amorphous layer appears to nucleate in the crystal bulk, as suggested by the RBS/C yield reaching the random level. ϳ700-Å-thick near-surface layer. Note that pronounced alternations ͑a dip and a shoulder͒ in the RBS/C random spectrum shown in Fig. 5 for a dose of 8ϫ10 16 cm Ϫ2 is due to a large concentration of implanted Si atoms as well as possible diffusion of Si. Indeed, bombardment with 60-keV Si ions to a dose of 8ϫ10 16 cm Ϫ2 results in the introduction of ϳ15 at. % of Si atoms close to the projected ion range. Similar effects of high-dose light-ion implantation on RBS/C spectra have recently been discussed in detail in Refs. 48 and 50 for the case of another wide band-gap semiconductor, GaN.
B. Bombardment with
Depth profiles of disorder
The damage buildup behavior in ZnO bombarded with 60-keV Si ions is further illustrated in Fig. 6 , showing the ion dose dependence of the maximum relative disorder in the bulk defect peak ͑as extracted from RBS/C spectra͒. It is seen from Fig. 6 that, for doses below ϳ10 16 cm Ϫ2 , the level of bulk disorder gradually increases with increasing ion dose. This damage buildup behavior is similar to that in the case of 300-keV Au-ion bombardment discussed above ͓see Fig.   2͑a͔͒ . However, for doses above ϳ10 16 cm Ϫ2 of 60-keV Si ions, Fig. 6 reveals a rather fast buildup of lattice damage up to complete disordering, as measured by the ion channeling technique. Such a rapid disorder accumulation in the highdose regime can be attributed to chemical effects of implanted Si ions, as is discussed in more detail in Sec. IV A.
Defect microstructure
To better understand the damage buildup behavior in ZnO implanted with Si ions, we have performed a XTEM study. Figure 7 shows XTEM images of ZnO bombarded at 77 K with 60-keV Si ions to doses of 7ϫ10 15 ͓Figs. 7͑a͒ and 7͑b͔͒ and 8ϫ10 16 creates a dense band of point defect clusters and planar defects similar to those observed in Fig. 3 in the case of heavyion bombardment. Figure 7͑b͒ also shows that, in the case of bombardment with 60-keV Si ions to a dose of 7 ϫ10 15 cm Ϫ2 , the ϳ300-Å-thick near-surface layer is essentially free from planar defects, which are concentrated in the deeper layer from ϳ300 to ϳ700 Å from the sample surface. This result is consistent with RBS/C data from Fig. 5 , reflecting the depth profile of ion-beam-produced defects in this sample.
In the case of a sample implanted with 60-keV Si ions to a higher dose of 8ϫ10 16 phization of the ϳ725-Å-thick near-surface layer, as suggested by RBS/C data from Fig. 5 . Amorphization can also be seen from a comparison of dark-field and bright-field XTEM images shown in Fig. 7 . However, a close examination of Figs. 7͑c͒ -7͑f͒ and electron-diffraction patterns reveals that amorphization is not complete, and some crystallites are clearly seen in both dark-field and bright-field images as bright and dark inclusions, respectively. This result is discussed in more detail in Sec. IV A.
IV. DISCUSSION
In this section, we propose a scenario for defect processes in ZnO under ion bombardment. Special attention is given to possible physical mechanisms for the formation of the MDP observed in the present study in RBS/C spectra of ZnO bombarded with keV heavy ions.
A. Damage buildup
Experimental data presented above show that singlecrystal ZnO exhibits a high level of dynamic annealing. For example, Fig. 2͑a͒ ͑see the top scale͒ shows that in order to reach a level of relative lattice disorder of ϳ0.6 during bombardment with 300-keV Au ions at 77 or 300 K, each lattice atom has to be ballistically displaced about one hundred times. The fact that single-crystal ZnO is highly resistant to ion-beam damaging indicates that primary defects generated by the ion beam are highly mobile at 77 K and above, and most of them experience effective annihilation. However, such effective defect annihilation is obviously not perfect, and the experiment shows that energetically favorable defect complexes accumulate in the ZnO lattice with increasing ion dose. Our ͑diffraction-contrast͒ XTEM studies of ZnO bombarded to relatively large doses of 28 Si and 197 Au ions ͑see Figs. 3 and 7͒ have revealed that such energetically favorable defect structures consist of point defect clusters and planar defects which are parallel to the basal plane of the ZnO wurtzite structure. It should be noted that a detailed XTEM study of the atomic structure of ion-beam-produced defects has not been possible in the present work due to a high density of implantation-produced defects. However, radiation defects have previously been studied by Yoshiie et al. 15, 16 in ZnO irradiated with a ͑less damaging͒ electron beam in the transmission-electron microscope. These previous XTEM studies 15, 16 have shown that high-energy (Ͼ700 keV) electron bombardment of ZnO at temperatures of 300-773 K results in the formation of dislocation loops which are interstitial in nature and have Burgers vectors of 1/2͓0001͔ and 1/3͗112 0͘. It is plausible that similar dislocation loops form in ZnO as a result of dynamic annealing processes during keV light-or heavy-ion bombardment studied in the present work. However, verification of this possibility must await more detailed XTEM studies than those of the current work.
In this case of strong dynamic annealing during ion bombardment, the defect accumulation process is nucleation limited. This conclusion is supported by the fact that the apparent position of the bulk defect peak in both Si-and Auimplanted samples ͑see Figs. 1 and 5͒ is closer to the projected ion range rather than to the maximum of the nuclear energy-loss profile. Indeed, such a shift in the position of the bulk defect peak suggests that stable defect structures nucleate at the ion end of range stimulated by an excess of lattice interstitials and/or by the implanted Au or Si impurities. Such chemical effects of implanted species are particularly pronounced in the case of Si-implanted ZnO, where an ion-beam-induced crystalline-to-amorphous phase transition has been observed ͑Figs. 1 and 5͒. In addition, the effect of damage stabilization by implanted Si atoms can account for an asymmetric shape of RBS/C depth profiles in Fig. 5 . A detailed ͑general͒ discussion of the physical mechanisms responsible for chemical effects of implanted species has previously been given in Ref. 48 and will not be reproduced here. It should be noted that, in the case of Si-implanted ZnO, amorphization is incomplete, with some crystallites imbedded into the amorphous matrix ͓see Figs. 7͑c͒-7͑f͔͒ . Such imperfect amorphization may be attributed to redistribution and segregation of Si atoms in the ZnO lattice during ion bombardment with the formation of localized regions enriched or depleted with Si.
Our results have also shown that, from 77 to 300 K, irradiation temperature has a negligible effect on the damage buildup behavior. This experimental fact suggests that, for 77-300 K, sample temperature has a minor effect on the stability of ion-beam-produced defect complexes and the efficiency of defect formation and annihilation processes. Such a negligible temperature effect may suggest an athermal mechanism for defect agglomeration and annihilation processes driven by electrostatic interaction between charged point defects whose formation is possible in ionic crystals. In this case, even very large dose heavy-ion bombardment at 77 K and above does not result in lattice amorphization, suggesting an instability of the amorphous phase in this temperature interval. Damage buildup and lattice amorphization studies at temperatures below 77 K would be desirable to better understand the influence of sample temperature on dynamic annealing processes and the stability of the amorphous phase in ZnO.
Previous detailed studies of ion-beam-damage processes in other semiconductor materials ͑see, for example, Refs. 48, 50, and 53, and references therein͒ have shown that the efficiency of the buildup of stable lattice defects under ion bombardment ͑at a given temperature͒ can strongly depend on the density of collision cascades. For example, it has previously been shown that, for GaN, both the level of ion-beamproduced stable lattice disorder ͑as measured by RBS/C͒ and the main features of the damage buildup behavior ͑such as surface vs bulk amorphization, saturation of the damage level in the crystal bulk, the sigmoidality of damage-dose curves, etc.͒ strongly depend on the density of collision cascades. Results of the present work allow us to study such an effect of collision cascade density in ZnO. Indeed, in the present study, we have used both relatively light 60-keV 28 Si ions ͑which generate rather dilute collision cascades͒ and heavy 300-keV 197 Au ions ͑which produced very dense collision cascades͒.
A comparison of Figs. 2͑a͒ and 6 shows that the dependencies of relative bulk disorder on DPA ͓see the top scales in Figs. 2͑a͒ and 6͔ for Si-and Au-ion-bombardment regimes essentially overlap, within experimental error, for DPA values below ϳ8. This result indicates that a variation in the density of collision cascades by increasing ion mass from 28 Si up to 197 Au has a negligible effect on the damage buildup in ZnO. For DPA values above ϳ8 ͑corresponding to doses of 60-keV Si ions above ϳ10 16 cm Ϫ2 ), Figs. 2͑a͒ and 6 show that Si-ion bombardment results in a rapid increase in disorder, while the damage-DPA curves for the case of Au-ion bombardment exhibit a significantly smaller increase. However, in this high-dose regime, the buildup of lattice disorder under Si-ion bombardment is strongly affected by chemical effects of the implanted Si atoms, as discussed above.
It should also be noted that the fact that the buildup of lattice disorder in ZnO is essentially independent of the density of collision cascades is consistent with previous studies of the electrical properties of ZnO irradiated with MeV light ions ͑which generate rather dilute collision cascades͒. 40 As shown in Ref. 40 , the ion doses necessary for electrical isolation of ZnO inversely depend on the number of lattice displacements produced by the ion beam, suggesting a negligible effect of collision cascade density on changes in electrical properties in the case of MeV light-ion bombardment. Results of the present study show that cascade density has also a negligible effect on the buildup of structural defects under keV ion bombardment.
B. Middle defect peak
As alluded to earlier, the present study has revealed the formation of a MDP between the bulk and surface defect peaks in RBS/C spectra for heavy-ion-implanted ZnO. The formation of this middle peak is rather unexpected and, to our knowledge, has not been previously observed in any other material. Hence, we discuss this effect in more detail below. We first summarize the main experimental observations on the formation of the MDP and follow with a discussion of possible physical mechanisms responsible for its formation.
Summary of experimental observations
We can summarize the main experimental observations on the formation of the MDP as follows.
͑i͒ The MDP is observed only for ZnO bombarded with keV heavy ions ͑300-keV 197 Au ions͒, not for the case of bombardment with lighter 60-keV 28 Si ions. ͑ii͒ The MDP is observed for both room-and liquidnitrogen temperature bombardment regimes, with a negligible effect of irradiation temperature varied from 77 to 300 K.
͑iii͒ The MDP is related to the scattering of the analyzing He ions from Zn lattice atoms, not from a possible segregation of implanted Au atoms.
͑iv͒ The MDP starts from the surface and moves deeper into the crystal bulk with increasing ion dose. The depth position of the MDP appears to be close to that of the bulk defect peak ͑independent of ion dose͒ for high ion doses ͓see Fig. 2͑b͔͒. ͑v͒ The effective area of the MDP seems to be independent of ion dose.
Possible physical mechanisms for the peak formation
Below, we consider possible physical mechanisms for the formation of the MDP.
a. Surface morphology. The MDP can be caused by ionbeam-induced changes in surface morphology. However, our AFM study has not revealed any notable modification of the surface morphology as a result of ion bombardment in samples for which a pronounced MDP has been observed in RBS/C measurements. Hence, this mechanism is not supported by experimental data.
b. Stoichiometric imbalance. The MDP can also be due to ion-beam-induced stoichiometric imbalance. Indeed, our results ͑see Fig. 4͒ show that high-dose irradiation with 300-keV Au ions causes preferential loss of O in the near-surface region. One can assume that the MDP is a result of the scattering of channeling He ions from a border between O-deficient and stoichiometric regions of the material. Such a border is expected to move deeper into the crystal with increasing ion dose ͑and, hence, the width of the O-deficient region͒, which is consistent with the behavior of the MDP experimentally observed. However, as discussed in Sec. III A 4, our XPS study has revealed negligible stoichiometric changes in a sample bombarded at 300 K with 300-keV Au ions to a dose of 5ϫ10 14 cm Ϫ2 , while such bombardment causes the formation of a large and well-defined MDP ͑see Fig. 2͒ . Hence, ion-beam-induced stoichiometric imbalance does not appear to be the main physical mechanism for the formation of the MDP.
c. Band of defects. The above discussion essentially rules out the possibility that the MDP in RBS/C spectra is related to measurement artifacts such as segregation of Au, large surface nonuniformities, or pronounced ion-beam-induced stoichiometric changes. This suggests that the mechanism for MDP formation is disorder related. For example, the MDP can be caused by the formation of a localized band of lattice defects resulting from imperfect defect annihilation processes during ion bombardment. A possible nucleation site for such a defect cluster formation, giving rise to a direct scattering peak in RBS/C spectra, can be an excess of ionbeam-generated lattice vacancies near the sample surface. Indeed, it is well known that vacancies and interstitials are spatially separated in a collision cascade, with an interstitial excess at the ion end of range and a vacancy excess closer to the surface. 54 This effect is expected to be pronounced for bombardment regimes with strong dynamic annealing, 50 which is the case for ZnO at least at liquid-nitrogen temperature and above. The importance of such a ballistic separation of interstitials and vacancies in the damage buildup behavior in ZnO bombarded with 197 Au ions is also supported by the fact that the bulk defect peak is shifted, relative to the maximum of the nuclear energy-loss profile, closer to the ion end of range, the region with an interstitial excess ͑see the discussion in Sec. IV A͒.
This scenario for a defect-related formation of the MDP appears to be consistent with the experimental observations summarized above. The fact that the MDP is observed only in ZnO samples bombarded with ͑heavy͒
197
Au ions ͑and not in samples irradiated with lighter 28 Si ions͒ may suggest that the nucleation of the defect band giving rise to the MDP requires a large vacancy excess and the formation of dense collision cascades generated by heavy ions. The fact that the MDP moves deeper into the crystal bulk, with increasing ion dose, can be associated with the onset of ion-beam-induced loss of O from the sample surface as ion irradiation proceeds. Loss of O can stimulate defect annihilation processes in the region between the sample surface and the defect band giving rise to the MDP. Indeed, such O loss has been measured for higher ion doses when ion-beam-induced stoichiometric changes become significant ͑see Fig. 4͒ . However, this intriguing dose dependence of the MDP position ͓Fig. 2͑b͔͒ can also be attributed to a possible increased defect annihilation at the sample surface. Additional work is presently needed to clarify the role of the sample surface and material stoichiometry in the formation and evolution of the MDP.
It should also be noted that, although our XTEM study has not revealed any sharp defect bands ͑see Fig. 3͒ at depths corresponding to the position of the MDP in RBS/C spectra in Au-ion-implanted ZnO, this observation does not rule out a defect-related mechanism for the formation of the MDP. Indeed, RBS/C and XTEM techniques are sensitive to different defect structures. The MDP is a direct-scattering peak, indicating that there are extra Zn atoms blocking the ͓0001͔ channels in the wurtzite lattice. As shown in Fig. 3 , XTEM images of samples for which RBS/C reveals a strong MDP exhibit a dense stress-induced contrast caused by a large concentration of ion-beam-produced defects in the entire nearsurface region implanted. The sensitivity of XTEM to a localized band of extra defects, giving rise to a directscattering peak in RBS/C spectra, may be poor due to such a large ''background'' concentration of ion-beam-produced lattice defects. Hence, XTEM results do not contradict the defect-related mechanism for the formation of the MDP. However, it is clear that additional studies are currently needed to fully understand this rather unusual and intriguing effect observed in ion-bombarded ZnO.
C. Comparison with other materials
Finally, it is instructive to make a brief comparison of ion-beam-induced defect processes in ZnO, studied in this work, with those in other crystalline materials. Of particular interest for such a comparison are ion-beam-damage processes in another wurtzite wide band-gap semiconductor, GaN, studied in detail previously. 42 A rather detailed comparison of the damage buildup behavior in GaN with that in other semiconductors as well as metals has previously been given in Refs. 42, 48, and 50.
Results of previous 42, 48, 50 and present studies show that both materials ͑ZnO and GaN͒ exhibit strong dynamic annealing. This behavior is typical for materials with a large degree of ionicity. 12, 57, 58 However, a comparison of damage buildup curves from Figs. 2͑a͒ and 6 with data from Refs. 48 and 50 indicates that ZnO is even more resistive to ionbeam-induced damaging than GaN. Moreover, ZnO does not exhibit the effect of defect saturation in the crystal bulk which has previously been observed in GaN. 48, 50, 55, 56 The surface of ZnO is also not a nucleation site for amorphization, as it is in GaN. Indeed, for a wide range of ionbombardment conditions, with increasing ion dose, amorphization of GaN proceeds layer by layer from the sample surface into the crystal bulk. In the case of ZnO, amorphization nucleates at the ion end of range, mediated by chemical effects of implanted Si atoms. Furthermore, in contrast to the case of GaN, the present study has revealed a negligible effect of the density of collision cascades on the damage buildup behavior in ZnO. However, both these materials exhibit ion-beam-induced stoichiometric imbalance as a result of high-dose heavy-ion bombardment, and, in both cases, implanted species can dramatically change the behavior of damage accumulation and stabilize an amorphous phase. Moreover, in both GaN and ZnO, defect structures resultant from imperfect dynamic annealing processes include planar defects parallel to the basal plane of the wurtzite lattice structure. Wang et al. 59 have recently performed a detailed XTEM study of such planar defects in ion-implanted GaN and found that these defects are interstitial in nature and have Burgers vectors of either 1/2͓0001͔ or 1/6͗22 03͘ for a wide range of irradiation conditions. 60 Similar high-resolution XTEM studies are highly desirable to identify the nature of structural defects in ion-implanted ZnO.
V. SUMMARY
In conclusion, we have studied the evolution of structural defects in ZnO bombarded with 60-keV Si or 300-keV Au ions. The main results of this work can be summarized as follows.
͑i͒ At 77 K and above, ZnO exhibits very strong dynamic annealing and remains crystalline ͑though heavily damaged͒ even after a very high dose of heavy-ion bombardment.
͑ii͒ High-dose (ϳ10 16 cm Ϫ2 ) bombardment with 300-keV Au ions results in pronounced stoichiometric imbalance with preferential loss of O in the near-surface region.
͑iii͒ A nonequilibrium crystalline-to-amorphous phase transition can be induced by bombardment with relatively light 28 Si ions. In this case, an amorphous phase is effectively stabilized by implanted Si atoms.
͑iv͒ A variation in irradiation temperature from 77 to 300 K has a minor effect on the damage buildup behavior and, hence, on the stability of ion-beam-produced defect complexes and the efficiency of defect formation and annihilation processes in this temperature interval.
͑v͒ A variation in the density of collision cascades by increasing ion mass from 28 Si up to 197 Au has a negligible effect on the damage buildup behavior in ZnO.
͑vi͒ Energetically favorable planar defects parallel to the basal plane of the wurtzite structure of ZnO are formed during both Si-and Au-ion irradiation regimes.
͑vii͒ The formation of a middle defect peak between the surface and bulk peaks of disorder in Au-bombarded ZnO has been observed. Several physical mechanisms have been proposed for the formation of such a middle defect peak. At this stage, the most plausible explanation appears to be disorder related. However, more work is presently needed to fully understand the formation of the middle defect peak in ion-bombarded ZnO.
͑viii͒ Finally, a comparison of ion-beam-defect processes in ZnO with those in GaN have been made, showing that both materials exhibit strong dynamic annealing with a complex damage buildup behavior, typical for crystals with a large degree of ionicity of the chemical bonds.
